Prolactin (PRL) is a multifunctional signaling molecule best known for its role in regulating lactation in mammals. Systemic PRL is produced by the anterior pituitary, but extrapituitary PRL has also been detected in many tissues including the human endometrium. Prolactin is essential for pregnancy in rodents and one of the most dramatically induced genes in the endometrium during human pregnancy. The promoter for human endometrial Prl is located about 5.8 kb upstream of the pituitary promoter and is derived from a transposable element called MER39. Although it has been shown that prolactin is expressed in the pregnant endometrium of a few mammals other than humans, MER39 has been described as primate specific. Thus, in an effort to understand mechanisms of prolactin regulatory evolution, we sought to determine how uterine prolactin is transcribed in species that lack MER39. Using a variety of complementary strategies, including reverse transcriptase-polymerase chain reaction, 5# rapid amplification of cDNA ends, and whole-transcriptome sequencing, we show that endometrial Prl expression is not a shared character of all placental mammals, as it is not expressed in rabbits, pigs, dogs, or armadillos. We show that in primates, mice, and elephants, prolactin mRNA is transcribed in the pregnant endometrium from alternative promoters, different from the pituitary promoter and different from each other. Moreover, we demonstrate that the spider monkey promoter derives from the long terminal repeat (LTR) element MER39 as in humans, the mouse promoter derives from the LTR element MER77, and the elephant promoter derives from the lineage-specific LINE retrotransposon L1-2_LA. We also find surprising variation of transcriptional start sites within these transposable elements and of Prl splice variants, suggesting a high degree of flexibility in the promoter architecture even among closely related species. Finally, the three groups shown here to express endometrial prolactin-the higher primates, the rodents, and the elephant-represent three of the four lineages that showed adaptive evolution of the Prl gene in an earlier study (Wallis M. 2000 . Episodic evolution of protein hormones: molecular evolution of pituitary prolactin. J Mol Evol. 50:465-473), which supports our findings and suggests that the selective forces responsible for accelerated Prl evolution were in the endometrium. This is the first reported case of convergent evolution of gene expression through the independent recruitment of different transposable elements, highlighting the importance of transposable elements in gene regulatory, and potentially adaptive, evolution.
Introduction
Prolactin (PRL), a polypeptide hormone primarily known for its role in regulating lactation in humans and other mammals, is produced by the anterior pituitary and released into the blood stream. Extrapituitary PRL production has also been detected in a variety of tissues, including the decidua, lymphoid cells, myometrium, mammary glands, and brain cells, other than pituitary cells to name a few (for a review, see BenJonathan et al. 1996) . In humans, Prl is one of the most dramatically induced genes in decidualized endometrial stromal cells, which contribute the maternal component of the placenta, and is one of the most abundant secretory products in the amniotic fluid. Rodents also express the Prl gene in decidualized stromal cells during pregnancy (Prigent-Tessier et al. 1999; Bao et al. 2007 ). The prolactin hormone in rodents is required to sustain progesterone production in the ovary during pregnancy, but it has also been shown that prolactin action at the level of the decidua is necessary to sustain rodent pregnancies (Bao et al. 2007) . Prl/Prl-R knockout mice treated with progesterone have a high rate of abortion starting from midpregnancy onward, which is caused by elevated endometrial levels of IL-6 and 20aHSD, two proteins detrimental to the maintenance of pregnancy (Bao et al. 2007 ). Expression of IL-6 and 20aHSD, which are absent from the decidua of wild-type mice, is repressed by prolactin (Bao et al. 2007) .
In humans, the PRL protein expressed in the pituitary and in the endometrium are identical, but the mRNAs differ in their 5#-untranslated regions (UTRs) and the transcripts originate from alternative promoters. The transcriptional start site (TSS) of the human Prl transcript expressed in the endometrium is about 5.8 kb upstream of the first coding exon of Prl and is located within a long terminal repeat (LTR) transposable element previously described as primate specific (Jurka et al. 2005; Gerlo et al. 2006 ). This LTR element, named MER39, is a member of the ERV1 class of endogenous retroviruses.
Alternative promoters are a widespread feature of mammalian genes; ;50% of human genes have alternative promoters (Davuluri et al. 2008) , some of which are derived from LTR elements (Cohen et al. 2009 ). The contribution of transposable elements to gene regulatory innovation is an emerging theme from many genomic investigations (Feschotte 2008; Oliver and Greene 2009 ) and may be specifically important in the origin of evolutionary novelties (Wagner and Lynch 2010) . Thus, a detailed understanding of how transposable elements contribute to the origin of novel promoters is essential for understanding how gene regulation evolves.
Prl expression at the maternal-fetal interface (MFI) has been reported from human, rhesus macaque, rat, and mouse (Riddick et al. 1978; Brown and Bethea 1994; Prigent-Tessier et al. 1999; Bao et al. 2007) . In an attempt to determine whether Prl expression at the MFI is a derived feature of placental mammals, we previously tested MFI tissue from opossum and elephant and the oviduct of chickens for the presence of Prl transcripts (Lynch et al. 2008) . We found no expression in chicken or opossum, but strong expression in elephant. Since the most recent common ancestor of humans and elephants is also the most recent common ancestor of all placental mammals, the most parsimonious interpretation of our data was that Prl expression at the MFI is a shared derived (synapomorphic) character of all placental mammals (Lynch et al. 2008) . However, since the TSS of the human and macaque Prl transcript at the MFI is derived from a lineage-specific transposable element, the question arose: what is the mechanism of Prl expression in species that lack MER39? In this paper, we address this question by presenting 5# rapid amplification of cDNA ends (RACE), transcriptomic and genomic evidence that Prl expression at the MFI is not a shared character of all placental mammals. We demonstrate that endometrial Prl expression in primates, mice, and elephants is not synapomorphic but based on the independent derivation of alternative promoters in these lineages. Moreover, we show that in all three groups, the promoters are derived from different transposable elements. This is the first example of convergent evolution of gene expression where orthologous genes utilize different transposable elements to obtain a similar pattern of tissue-specific expression.
Materials and Methods

Alignment and Sequence Comparisons
MER39 sequences were retrieved from Ensembl (www. ensembl.org), and the L1-2_LA sequence including exon 1LA was obtained from the University of California-Santa Cruz (UCSC) Genome Browser (Kent et al. 2002) . Sequences were aligned using ClustalW2 (Larkin et al. 2007 ) and MAFFT (Katoh et al. 2005 ) and adjusted by eye. Pairwise sequence identities were determined from these adjusted alignments in ClustalW2 and BLAST (bl2seq; Altschul et al. 1997) . Consensus sequences used for BLAST analysis were obtained from Repbase (Jurka et al. 2005) . Phylogenetic trees were built with PhyML 3.0 (Guindon and Gascuel 2003) and MEGA4 (Tamura et al. 2007) and edited with MEGA4.
Samples
Although our goal was to isolate decidual tissue from pregnant females of all the species we tested, it was not technically possible to completely separate maternal and fetal tissues at the MFI of pregnant animals. Thus, we refer to all of our samples as originating from the MFI. We obtained Sus scrofa (pig) tissue from a cesarian section near term. Two samples of Oryctolagus cuniculus (rabbit) tissue were obtained: one from a female at term and one from a female sacrificed after 8 days of pregnancy. Canis familiaris (dog) tissue was obtained from a female near term. Mouse RNA was collected from antimesometrial tissue at stage E7.5 of C57Bl6 mice. Tissue was obtained from midstage pregnant Dasypus novemcinctus (armadillo). Loxodonta africana (elephant) and Ateles fusciceps (black-headed spider monkey) tissues were obtained from females near term. Tissues were stored in the RNA stabilization agent RNAlater (Qiagen) until RNA extractions were performed. RNA was extracted and purified from tissues using Trizol and/or the Qiagen RNA-Easy Midi RNA-extraction kit in conjunction with the RNase-Free DNase Set following the manufacturer's protocol to remove any contaminating DNA from the sample (Valencia, CA). 5# RACE ready cDNA was made using the SMART RACE cDNA Amplification Kit (Clontech, Mountain View, CA).
5# RACE, Polymerase Chain Reaction, and mRNAseq
For each species, a 5# RACE was attempted with at least two different 5# RACE reverse primers and the reagents in the SMART RACE cDNA Amplification Kit (supplementary table S1, Supplementary Material online). In addition, the 5# RACE primers were tested on genomic DNA of each species (with additional forward primers designed within the same exon) to test whether the 5# RACE primers are effective. A nested 5# RACE was also attempted. In species in which there was no 5# RACE product, amplification of other genes expressed in the decidua of humans (IGFBP1, HOXA11, GAPDH) was attempted to confirm the quality and identity of the cDNA in question. Also, a polymerase chain reaction (PCR) of prolactin with primers designed to span introns (also checked on genomic DNA) was attempted in case prolactin transcripts were present but the 5# RACE was failing.
For the elephant, spider monkey, and mouse, we obtained 5# RACE products. For the elephant, we used the Emera et al. · doi:10.1093/molbev/msr189 MBE universal primer mix (UPM) from the SMART RACE cDNA Amplification Kit and a reverse primer specific to elephant Prl exon 1 (L. africana PRLX1R; supplementary table S1, Supplementary Material online) for the 5# RACE PCR. For the spider monkey, we did a nested PCR. The first PCR used the UPM from the SMART RACE cDNA Amplification Kit and the species-specific A. fusciceps PRLX3R (supplementary table S1, Supplementary Material online). The nested PCR used the product from the first PCR as template, the nested universal primer from the SMART RACE cDNA Amplification Kit, and A. fusciceps PRLX2R (supplementary table S1, Supplementary Material online). For the mouse, we did two nested PCRs. The first set of PCRs used the UPM from the SMART RACE cDNA Amplification Kit and two different species-specific primers, Mus musculus PRLX4R and PRLX3R (supplementary table S1, Supplementary Material online). The nested PCR used the products from the first set of PCRs as template, the nested universal primer from the SMART RACE cDNA Amplification Kit, and M. musculus PRLX3R (with PRLX4R product) and PRLX2R (with PRLX3R product) (supplementary table S1, Supplementary Material online). RACE products were visualized on a 1% agarose gel, gel extracted, and were cloned using the TOPO TA Cloning Kit for Sequencing. At least three clones from each gel band were sequenced.
Of the species in which we failed to find evidence of prolactin expression at the MFI by PCR, we chose two on which to perform whole-transcriptome sequencing (mRNAseq) to confirm that prolactin is absent. We extracted total RNA using the methods above. Total RNA was assayed with a Bioanalyzer 2100 (Agilent) and found to be of excellent quality. Aliquots were sequenced using the Illumina Genome Analyzer II platform, following the protocol suggested by Illumina for sequencing of cDNA samples. Sequence analysis was performed with Bowtie and reads mapped to the dog (canFam2.0) and armadillo (dasNov2) cDNA builds at Ensembl; two mismatches were allowed, and reads aligning to more than one cDNA were discarded. Sequencing was performed at the W.M. Keck Microarray at the Yale University Medical School.
Transient Transfection Experiment
To make the elephant Prl promoter reporter construct (elephant.dPRL), a PCR on genomic L. africana DNA was performed which amplified a region from À9771 to À8912 relative to the start codon of elephant Prl. This 856 bp product was cloned into the pGL4.70 reporter vector (Promega). Human (human.dPRL) and spider monkey (Ateles paniscus) (spidermonkey.dPRL) Prl promoter reporter constructs were made in a similar way: a roughly 720 bp region including MER39 was cloned into pGL4.70. For transfection, human endometrial stromal cells (ATCC Number CRL-4003) were plated at a density of about 6.0 Â 10 4 cells/well in 24-well plates in media containing 10% charcoal-stripped Fetal bovine serum (FBS). Four hundred and fifty nanograms of elephant.dPRL, human.dPRL, spidermonkey.dPRL, or empty PGL4.70 was cotransfected with 50 ng of the internal control vector PGL4.23 (Promega) using the Lipofectamine LTX reagent (Invitrogen). Six hours after transfection, the media was changed to one containing 2% charcoal-stripped FBS. Twenty-four hours after transfection, the media was changed to one containing 10 À6 M medroxyprogesterone acetate (MPA, a stable synthetic progestin) and 0.5 mM 8-bromoadenosine cyclic monophosphate (8-Br-cAMP, a stable cAMP analog) or a control medium containing ethanol as a vehicle control. Forty-eight hours later, cells were harvested, and a luciferase assay was performed using the Dual-Luciferase Reporter Assay System (Promega). Renilla luciferase activity was normalized to firefly luciferase activity, and fold change values were obtained by comparing normalized luciferase activity from MPA/cAMP-treated cells and control cells. Transfections were performed with six replicates, and the experiments were performed twice; values are represented as means ± standard error of the mean.
Results
First, we investigated whether MER39 at the Prl locus is indeed limited to primates by conducting BLASTn searches of the consensus MER39 sequence against nonprimate genomes and carefully examining the prolactin locus in other mammals. We found that MER39 is present within 8 kb upstream of the first coding exon of Prl in all primates with genome sequence available (supplementary table S2, Supplementary Material online). In the bush baby (Otolemur garnettii), a basal primate, it appears that there was a recombination event between MER39 and a downstream transposable element (MER57C1), resulting in the deletion of most of MER39 and about 2.5 kb of genomic sequence. Unexpectedly, we also found MER39 upstream of the orthologous Prl locus in the mouse and rat, though it differs greatly from that in humans (56% and 55% identity, respectively); this extreme divergence is likely why it was not identified in an earlier study (Gerlo et al. 2006) . Although there is a large family of prolactin paralogs in rodents clustered together on the same chromosome (13 in mice and 17 in rats; Wiemers et al. 2003) , MER39 is found associated with only one copy (Prl) in the region, about 9 kb upstream of the Prl locus orthologous to that in humans. In addition to mouse and rat, we identified the orthologous MER39 in squirrel (66% identity) and partial sequences in guinea pig, rabbit, and tree shrew. Extensive searches of other mammalian genomes failed to identify additional species with MER39 elements (supplementary table S2, Supplementary Material online). Thus, the MER39 family of LTR transposable elements has a deeper phylogenetic presence than was previously thought and is specific to the clade that includes primates and rodents, that is, Euarchontoglires ( fig. 1) .
Given that prolactin is essential during rodent pregnancy and so dramatically upregulated in the endometrium during human pregnancy, we next explored if and from what TSS Prl is transcribed at the MFI of other placental mammals using a variety of complementary strategies, including 5# RACE, nested 5# RACE, and reverse transcriptase-PCR. We identified Prl transcripts in a New World monkey (A. fusciceps) and African elephant Transposon-Derived Alternative Promoters for Uterine Prl · doi:10.1093/molbev/msr189 MBE (L. africana) and confirmed Prl expression in mouse (M. musculus); however, after exhaustive searches, we were unable to identify Prl transcripts in rabbit, dog, pig, and armadillo samples ( fig. 1 ). To confirm that Prl is not expressed at the MFI of these species, we sequenced the transcriptome of dog and armadillo MFI tissue and found no Prl transcripts in over 13.6 and 20 million reads, respectively.
Primate Endometrial Prl Promoter
We were successful at obtaining 5#-UTR sequences from all three species in which we identified transcripts. For A. fusciceps, the black-headed spider monkey, we performed a nested 5# RACE and identified three distinct transcripts ( fig. 2a and e; supplementary fig. S1 , Supplementary Material online). Mapping these transcripts against the marmoset (Callithrix jacchus) genome, the most closely related New World monkey with a genome available, indicates that transcription of Prl at the MFI initiates at two locations within the MER39-derived promoter, 25 bp downstream and 52 bp upstream of the major human start site ( fig. 2e ; Dimattia et al. 1990 ). In addition, the spider monkey transcript has gained a novel non-protein-coding exon ( fig. 2e ). In human, the 80 bp non-protein-coding exon (termed exon 1a) is spliced to a position 98 bp upstream of the start codon (Dimattia et al. 1990 ). In spider monkey, however, exon 1a is spliced to a position 1 kb downstream, where an additional 54 bp exon (termed here exon 1b) is spliced to a position 98 bp upstream of the start codon. In the shortest spider monkey transcript, transcription is initiated at the more downstream TSS, and exon 1b is spliced to the beginning of exon 2 ( fig. 2e ). As this shortest transcript lacks exon 1, and thus the canonical start codon, it is unclear if/how this transcript is translated. Although we do not know its function, if any, it is worth noting that there are genes known to produce functional non-proteincoding and protein-coding transcripts, as is the case with the SRA1 gene. Alternative splicing of SRA1 produces a noncoding RNA and protein, both of which are thought to regulate steroid receptor signaling pathways (see Leygue 2007) .
Mouse Endometrial Prl Promoter
In M. musculus, we used a nested 5# RACE strategy to obtain the 5#-UTR of endometrial Prl, which yielded a number of products between 100 and 500 bp ( fig. 2b and f) . Sequences of these products indicate that transcription of the Prl gene at the MFI in mouse does not initiate at the same position as the pituitary Prl transcript, nor from MER39 as it does in primates. Rather, it initiates in a region about 53 kb upstream of its coding region, in three locations within 60 bp of each other ( fig. 2f; supplementary fig.  S1 , Supplementary Material online). In some transcripts, this first non-protein-coding exon (termed here exon 1MMa) is spliced to a position about 2 kb downstream of it (to another non-protein-coding exon termed here exon 1MMb); in other transcripts, exon 1MMa is spliced to a position about 2.4 kb upstream of coding exon 1 to a third non-protein-coding exon (termed here exon 1MMc); and in a third set of transcripts, exon 1MMa is spliced directly to coding exon 2. The only transcript that includes coding exon 1 initiates at the more upstream initiation site, is spliced to exon 1MMc, and is spliced to a position 90 bp upstream of the start codon ( fig. 2f ). In the transcripts without coding exon 1, it is unclear if and where translation initiates (see above for possible role of transcripts missing the canonical start codon).
The TSS of all sequenced mouse Prl transcripts is located in a region of the mouse genome annotated as containing an LTR element called MER77. MER77 belongs to the ERV3 class of endogenous retroviruses. The MER77 element upstream of the Prl locus in mouse shows orthologous MER77 elements in a variety of placental mammals in the clades Euarchontoglires and Laurasiatheria, including human, dog, and horse, but not in members of the other two major clades of placentals, Xenarthra and Afrotheria (supplementary table S2, Supplementary Material online). According to annotation at the UCSC Genome Browser, exon 1MMa from the mouse transcripts maps to a position about 40 bp downstream of the 5#-end of MER77 (which is in the reverse orientation relative to Prl). However, annotation of the orthologous MER77 in the human genome is more complete at the 5#-end and includes the region orthologous to exon1 MMa in mouse. In fact, a careful examination of the MER77 region in mouse suggests that MER77 is incompletely annotated at its 5#-end in mouse: the extended mouse MER77 (which includes exon 1MMa) shares 59% identity with the consensus MER77 sequence from humans (http://www. girinst.org/). Thus, it appears that the promoter for Prl at the MFI in mouse is derived from the transposable element MER77, an LTR element specific to members of the Boreoeutheria clade of placental mammals. A scan of the genomic region in rodents containing the prolactin family of genes 1999 ) and this study (spider monkey, mouse, and elephant). Species with a minus are those in which Prl is not expressed at the MFI (strategies used in this study to detect Prl are in parentheses). Species with a question mark are those that have not been tested. (Tree modified from Murphy et al. 2007; Churakov et al. 2009.) reveals that MER77 is only associated with one paralogue, Prl (as described for MER39).
Elephant Endometrial Prl Promoter
The elephant Prl 5#-UTR sequence was obtained by 5# RACE, which generated one 229 bp sequence ( fig. 2c  and g; supplementary fig. S1 , Supplementary Material online). Mapping this sequence against the elephant genome indicates that transcription of Prl at the MFI in elephant initiates about 9 kb upstream of the translational start site ( fig. 2g) . A 130 bp noncoding exon located at this position (termed here exon 1LA) is spliced to a position 70 bp upstream of coding exon 1. We have shown above that both MER39 and MER77 elements are absent from Afrotheria; thus, the TSS of this Prl transcript from the MFI in elephant is clearly different from that in primates and rodents.
As annotation of the elephant genome is less complete than that of the human and mouse and as Prl expression in the elephant endometrium has not been described in detail, we performed a deeper examination of the promoter sequence and function in this species. An initial investigation of exon 1LA revealed several copies scattered through the elephant genome, suggesting that it could also be derived from a transposable element. To confirm this possibility, we retrieved the sequence surrounding exon 1LA and delimited the longest possible repetitive unit of the putative transposable element by sequence similarity searches on the elephant genome (supplementary information, Supplementary Material online). This allowed us to identify a 4,208 bp sequence that includes exon 1LA at position 370-498 and has multiple copies in the elephant genome. A BLASTn search on the Repbase library of transposable fig. S2 , Supplementary Material online). This is similar to the ;90% identity that the L1-2_LA consensus sequence shares with the most closely related copies of this family (Jurka et al. 2005) , suggesting that exon 1LA originated from an L1-2_LA element that inserted upstream of the prolactin gene (supplementary information, Supplementary Material online). The L1-2_LA consensus sequence itself does not include exon 1LA, likely because of incomplete annotation of the L1-2_LA 5#-UTR; indeed, 531 of the 572 exon 1LA-related sequences we identified in the elephant genome lie within a kilobase upstream of an L1-2_LA element.
To determine the lineage specificity of the L1-2_LA family of transposable elements, we searched for evolutionarily related L1 families in other mammalian genomes (supplementary information, Supplementary Material online). We found closely related L1-2_LA families in elephant and other Afrotherians, but not in other species of placental mammals. We used the consensus sequences of these families to reconstruct their evolutionary relationships and found that L1-2_LA and other L1 families from African elephant, woolly mammoth, lesser hedgehog tenrec, and rock hyrax form a distinct clade of elements that is afrotherian specific (fig. 3) . Several of these afrotherian-specific L1 families, including L1-2_LA, diversified further in two sister afrotherian orders, the Proboscidea and Hyracoidea, which diverged around 64 Ma (Murphy et al. 2007 ). L1 elements from the only other available afrotherian genome, the tenrec, branch outside of the main elephantrock hyrax L1 group (fig. 3) . Since the elephant and rock hyrax lineage diverged from the tenrec about 78 Ma (Murphy et al. 2007) , the approximate origin of the L1-2_LA family is 64-78 Ma. However, while the L1-2_LA family predates the divergence of the elephant and hyrax lineages, the Prl locus in hyrax does not have an L1-2_LA insertion (data not shown). Thus, exon 1LA originated from an afrotherian-specific transposable element that inserted upstream of Prl sometime after the divergence of elephants and hyraxes. Given these constraints, we can date the earliest possible use of L1-2_LA as a promoter, and by extension the origin of Prl expression at the MFI in elephant, at ;64 Ma.
To better characterize the evolutionary pathway of L1-2_LA from a transposable element into a promoter, we reannotated the 5#-UTR of the L1-2_LA family to include the first ;570 bp that are missing from the consensus sequence. This reconstructed 5#-UTR contains two direct repeats of 86 bp, one of which is partly contained in exon 1LA (supplementary fig. S3, Supplementary Material online) . Mapping this reconstructed 5#-UTR onto the elephant Prl locus indicates that the L1-2_LA element inserted in the opposite direction compared with the Prl gene ( fig. 2g) . Interestingly, the 5#-UTR of primate L1 elements has an antisense promoter that is involved in the transcription of human genes (Speek 2001) , suggesting that a mechanism for domesticating transposable elements for host functions may be through co-option of antisense promoters into alternative promoters for nearby host genes.
To directly test if L1-2_LA can function as a promoter, we cloned approximately 900 bp of the region including and surrounding exon 1LA into a promoterless luciferase reporter vector (elephant.dPRL; fig. 4 ) and tested its ability to activate luciferase expression in human endometrial stromal cells. We also tested the human and spider monkey (A. paniscus) MER39-derived promoters for comparative purposes. We found that exon1 LA and the surrounding sequence from elephant induced a 1.5-fold increase in luciferase activity compared with untreated controls in human endometrial stromal cells transiently transfected with elephant.dPRL and treated with 8-Br-cAMP/MPA to induce differentiation into decidual cells (fig. 4) . The spider monkey promoter induced a 2.7-fold increase, and the human, a 50-fold increase of luciferase in response to the differentiation agents (primate decidual Prl promoter activities will be further explored in a future study). The finding that the elephant promoter induced a response in human cells is remarkable given that this sequence is only found in afrotherians, and the trans-regulatory landscape of human and elephant decidual cells is likely to vary after more than 200 My of independent evolution. Thus, the modest but highly significant activity of the elephant promoter (t-test, P 5 0.003 vs. fold change of empty vector) indicates that the L1-2_LA situated upstream of the elephant prolactin gene contains the promoter for prolactin expression at the MFI in elephants.
Discussion
Our data show that Prl expression at the MFI evolved at least three times, twice in Euarchontoglires and once in Afrotheria. We found no evidence for Prl expression at the MFI in the two other major clades of mammals, the Xenarthra with armadillo as a representative species and the Laurasiatheria represented by the pig and the dog. In the higher primates, mice, and elephants, Prl mRNA at the MFI is transcribed from alternative promoters, different from the pituitary promoter and different from each other. In each case, the alternative promoter is derived from a different transposable element. In the higher primates, Prl transcription initiates from the LTR element MER39, which is specific to Euarchontoglires. In the mouse, transcription initiates from the LTR element MER77, which is present in Euarchontoglires and Laurasiatheria. In the elephant, the alternative promoter is derived from a member of the LINE L1-2_LA family, which is unique to Afrotherians.
While there are known cases of transposable elements being co-opted for promoter and enhancer functions, this is the first reported case of the convergent evolution of gene expression through the independent recruitment of different transposable elements. Since endometrial prolactin expression is not a shared character of all placental mammals as shown in this paper, co-option of MER39 in the higher primates, L1-2_LA in elephants, and MER77 in mice was involved in the evolution of its expression in these groups. However, it is also clear that the insertion of these elements alone (at least in the case of Euarchontoglires) was not sufficient to recruit prolactin into uterine expression during pregnancy. Primates and rodents have both MER39 and MER77, but only the higher primates use MER39 and rodents MER77 for Prl expression. In addition, rabbits have both elements but do not express endometrial prolactin. Also, a recent report on Prl expression in guinea pigs suggests that, like the rabbit, they have both elements but do not express endometrial Prl during pregnancy (Alam et al. 2010) . Thus, it appears that the elements provided the substrate necessary for Prl expression, but additional mutations were necessary to initiate its expression in the endometrium.
While it is unclear what precise role(s) prolactin has in the decidua of groups in which endometrial expression evolved, it is notable that these groups-the higher primates, the rodents, and the elephant-represent three of the four groups that show accelerated, and arguably adaptive, evolution of the Prl gene (Wallis 2000) . Wallis (2000) demonstrated that the rate of Prl sequence evolution was slow during much of tetrapod evolution but that this rate increased four times in the history of eutherian mammals: in primates, rodents, elephants, and ruminant artiodactyls (ruminants were not tested in our study for endometrial prolactin expression for lack of available tissue). Moreover, Li et al. (2005) showed that the Prl-R gene has coevolved with Prl in these groups. It has been suggested that the basis of this accelerated evolution is maternal-fetal conflict (Haig 2008) , or ''function switching,'' whereby prolactin acquired a second function whose importance fluctuated over time (Forsyth and Wallis 2002) . While this question has not been answered, the remarkable correlation between groups that express endometrial Transposon-Derived Alternative Promoters for Uterine Prl · doi:10.1093/molbev/msr189 MBE prolactin and those that experienced adaptive evolution of the ligand and its receptor suggests that the selective force(s) responsible for the adaptive changes were in fact in the endometrium. Future work should test whether the fourth group that showed accelerated evolution of prolactin, the ruminants, also expresses endometrial prolactin. Since a possible consequence of the accelerated changes in prolactin was a change in ligand specificity (see Li et al. 2005) , future work should also investigate whether prolactin ligand-receptor interactions are different in decidual tissue in these groups. It is known, for example, that humans, rodents, and ruminants express multiple Prl-R isoforms and that humans and rodents produce a fulllength and cleaved form of prolactin that act through different receptors and have opposing functions (Freeman et al. 2000; Jabbour and Critchley 2001) . Whether this variety is also seen in groups that have not experienced adaptive evolution of the ligand/receptor and whether there are any functional consequences in the uterus remains to be determined.
If, indeed, adaptive evolution of Prl occurred because of selective forces in the pregnant endometrium, this would suggest that the TEs co-opted for endometrial Prl expression in the primate, rodent, and elephant lineages were involved in these adaptiveeventssincePrlexpression in the endometrium likely preceded evolution of the protein-coding sequence. Thus, our work not only demonstrates for the first time the convergent evolution of gene expression through the recruitment of different transposable elements, but it suggests that adaptive evolution can be mediated by TEs. This highlights the importance of transposable elements as drivers in gene regulatory, and potentially adaptive, evolution.
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